This paper describes the production design, initial testing, and the installation plan of the 44 totem-pole pair, triode based klystron modulator systems that will be installed on the Los Alamos Neutron Science Center (LANSCE) accelerator RF system.
INTRODUCTION
The 44 modulator systems used at the LANSCE accelerator are the original equipment installations and have been in service for over 40 years ( Figure 1 ). These systems can operate up to 2.75 MW peak cathode input power with the overall average power limited by the available -86 kV power supply system that is utilized with each grouping of klystrons. The nominal peak RF output rating of each klystron is 1.25 MW at 805 MHz. The existing modulator design derives the klystron modanode voltage from a triode tube operated as a saturated switch, as noted in Figure 2 , with a tapped high power voltage divider. Multiple taps on the high voltage divider provide the means to adjust the required mod-anode voltage. The ohmweave voltage divider resistor assembly dissipates almost 10 kW and gives a 60 μs (beam current) rise time and an 80 μs fall time. The triode switch tube is grid pulsed via an isolation transformer with a 300V, 1.2 kW driver. The klystron modanode / grid drive circuitry also has the undesired characteristic of a 50 μs turn-off delay that results in wasted klystron collector power at the end of the RF drive beam gate. The electrical efficiency of the modulator systems are such that the klystron modulator oil tank requires an internal oil-to-water heat exchanger and an auxiliary (3Ø) oil pump. The klystrons and modulators are grouped together in a "sector" with either 6 or 7 klystron modulator systems operating from a common capacitor bank and power supply. A disadvantage of the commonality of the power supply and capacitor bank into a "sector" is that the bank voltage must be increased to accommodate the klystron with the weakest cathode emission. Individual control of the klystron mod-anode voltage is difficult and time consuming to adjust via the ohm-weave voltage divider taps under the oil and that adjustment is typically not utilized. Operating a sector at the parameters of the weakest tube creates additional efficiency losses (excess "margin") as the other klystrons operate with a higher than required beam current. With the saturated switching, the klystron beam current, RF gain, and RF phase all "droop" as the capacitor bank voltage droops and sufficient control margin must also be available to achieve appropriate drive linearity and control. 
LANSCE-RM DESIGN UPGRADE
The LANSCE-RM modulator upgrade provides an improved performance and electrical efficiency as the new system has a regulating "on" deck with a tail-biter "off" deck which only switches the associated mod-anode and network capacitances. The mod-anode capacitance is typically less than 100 pF with an additional 250 pf or so for the modulator deck and isolation transformer assembly.
The required performance parameters of this system as presently operated are given in Table 1 . This klystron modulator design as noted in Figure 3 , with an "on" deck and an "off" deck can be described as a totem-pole, grid-clamp, mod-anode modulator with droop compensation. The switch decks are of identical design and are completely interchangeable. This system is controlled via fiber optics and the older transformer coupled 1.2 kW grid pulser is not required. The fiber optic input timing signal, originating from the master timing system, determines the repetition-rate and pulse duration. An optic repeater, local to the modulator tank, splits the gate signal into two complementary signals for the on-deck and off-deck. The on deck control is a pass-through in-phase signal. In addition, the optic repeater includes simple logic to give a~3μs dead-time between switching events to prevent simultaneous conduction and "shoot-through" overcurrents between the deck assemblies. By keeping the off deck on in the inter-pulse period, it helps prevent any klystron beam current that might result from mod-anode to ground leakage paths. As an additional back-up, should the off-deck fail, the mod-anode is also held at cathode potential via the 5 0ȍ "pull-up" resistor. As part of the network to regulate the klystron beam current, a reference voltage is determined by a high impedance voltage divider, the 6 0ȍ DQG 0ȍ resistors, and the H.V. power supply, as noted in Figure 3 . The reference node voltage (Vref) between the resistors can be altered with the (HV) power supply. As the power supply voltage is increased, the node voltage moves closer to ground potential, increasing the mod-anode to cathode voltage which then increases the klystron cathode current. This provides a simple method for individual adjustment to the klystron cathode current. Regulation is provided by dis-continuous feedback. When the on deck is off, the "clamp" diode is reverse biased and the feedback loop is open circuited. When the on deck is pulsed on, it switches quickly until the potential is reached when the clamp diode is forward biased (as set by the voltage divider and power supply) and then the feedback loop closes. The bypass capacitor across the upper 6 0ȍ reference resistor couples the bank voltage droop directly into the reference node. Through the feedback input and deck assembly, a gain of one cathode follower, the klystron beam current is flat-top regulated. As this bank droop is coupled back to the mod-anode, the voltage between the cathode and mod-anode remains constant and the klystron perveance is maintained. To minimize transients and fault related issues, surge resistors are used to damp these events. Many kinds of klystron arc-downs are typical as well as possible triode tube failures. Energy absorbing surge resistor can be noted in Figure 3 and are located in the plate circuit of each triode and in series with the klystron mod-anode. The resistance does not significantly alter the rise and fall time of the klystron cathode current. The completed modulator assembly as installed in the modulator oil tank can be viewed in Figure 4 .
Switching waveforms of the new modulator show rise and fall times of about 20 μs as noted in Figure 5 . The inter-pulse mod-anode voltage is -85 kV. When the klystron is on, the intra-pulse voltage starts at -13 kV and ramps towards ground as the cathode voltage droops, maintaining a constant klystron cathode current. The cathode current can be noted to be ~33. 
MODULATOR DECK DESIGN
Fast switching of the LANSCE klystrons is easily achieved with a cascode connected MOSFET and planar triode. The on/off control is independent from the feedback circuit and the system is self-biasing as noted in Figure 7 . It is not necessary to utilize the feedback input for the circuit to operate correctly. The input buffer biases the grid at the input reference (grounded as shown on this figure, but +15 in the application). The on/off control is via a fiber optic receiver and low output impedance gate driver. When the MOSFET is off, so is the tube. As the triode grid is clamped by the supply voltage, the cathode self-biases to the necessary cut-off voltage when the MOSFET is off and the zener diode accommodates any tube cut-off leakage current. When on, the cathode is grounded and the slightly positive biased grid turns the tube on quickly. For the "on-deck", the modulator clamp diode string is simply plugged into the feedback input. The feedback circuit has a gain of one and is an emitter follower with a complimentary symmetry pair output that connects to the tube grid and the design is very robust. These components have not failed yet. A detail of the individual modulator hot deck assembly can be noted in Figures 8. The assembly is fabricated with standard aluminum pipe (that contains the electronics) and oversized HV toroids that help minimize field stresses. Insulating fiberglass rod is used to fixture the toroids to the planar triode and maintains a rigid structure. The oversized toroids also evenly distribute the electrostatic field potential gradients across the planar triode glass as noted in Figure 9 . The view of the control electronics can be noted in Figure  10 and utilizes simple through-hole components to facilitate fabrication procedures compatible to our work environment. With the planar triode having a gain of 2500, the full range of control, assuming 100,000 volts on the plate, would require a grid swing between "0" and "-40" volts. However, to enhance turn-on switching speed, a slight positive grid voltage is used, but once flat-top is achieved, the grid operates in a slightly negative range (~-10V). To ensure this complete control range, the emitter follower and complementary pair output circuit operates between +15 volts and -80 volts and many transistors are suitable for this application. To facilitate reliable operation during klystron arcing and crowbar events, the solid state circuitry is well protected with clipper diodes, de-Qing resistors, and movistors located on the circuit board. 
Y-847B PLANAR TRIODE
The Y-847B planar triode shown in Figure 11 is a modern glass design with a very high gain (2500) and is easily driven with low voltage solid state devices. The dispenser matrix cathode requires only 50 watts and provides a DC pulsed cathode current rating of 4 Amperes. The internal plate assembly has been optimized to minimize field stresses between the plate (cylindrical structure) and grid assembly (conical structure) as noted by the flare at the end of the plate. Table 2 provides a summary of the electrical characteristics of the Y-847B planar triode. The glass envelope tube is preferred over older ceramic designs as the tube internals can be examined, the glass is easier to clean, and has better vacuum / sealing characteristics. With this tube, switching and linear feedback is obtained in a very small system package, about .75 cu foot, with a weight of less than 8 pounds for each tube and deck assembly. Commercial off the shelf aluminum toroids are used for the field grading structures and a standard aluminum pipe for the electronic assembly enclosure. When integrated together, with the single control card, the system is easy to transport and maintain. 
CONCLUSION
The LANSCE-RM project has leveraged robust and proven evolutionary electrostatic mod-anode switching technology and techniques [1] [2] which provides an excellent platform for high fidelity long pulse klystron operations. These designs show that modern planar triode vacuum tubes can be utilized to perform fast feedback and dynamic regulation of klystron beam parameters that help achieve a more stable RF drive characteristic. With this system implementation, both the ondeck and off-deck are of identical design and completely interchangeable. The planar triodes are driven with solid state components in a simple configuration. The overall assemblies are very small, about .75 cu foot and are easy to swap out, maintain, and service. These tubes are inexpensive and perform functions that cannot be accommodated by series strings of semiconductor switching arrays. These systems will fit in the existing klystron modulator tank with minimum interface requirements and provide a significantly higher efficiency while also regulating klystron beam current. In the LANSCE-RM project, oil tank losses are reduced by over 12 kW which obviates the need of the oil to water heat exchanger and related oil pumping system. The oil pump and water heat exchanger system will be removed from the oil tank providing additional reliability improvements. With the faster klystron rise and fall times, coupled with the lack of any switching delays, additional electrical efficiencies are also realized. The ability to adjust the individual klystron cathode current will minimize the head room required of the sector capacitor banks as the weakest klystron can be adjusted for more mod-anode voltage drive (and cathode current) at a given bank voltage. A calculation of the utility savings indicates that once the LANSCE risk mediation is complete, a utility savings of ~ 2.5M$ per year can be realized. There are many klystron types that are switched via the mod-anode and this grid-clamp totem pole modulator topology offers many benefits and performance capabilities that still cannot be easily or economically achieved with solid state devices. There are currently 5 modulator systems in production with the first system install starting in fiscal year 2014. Although budget concerns and funding is not completely predictable, eventually all 44 of the late 60's vintage modulator systems will have to be replaced.
